Introduction
Potassium (K þ )-channel activation has an important function in neural signal transduction, as it regulates selective conduction of K þ across biological membranes (Hille, 2001) .
In response to changes in chemical or electrical potential, the pore domain of K þ -channels opens and closes, thereby controlling K þ access to the pore (Yellen, 1998; Armstrong, 2003) . K þ channels have a common pore design, which includes the presence of an activation gate at the intracellular entrance of the pore and of a separate inactivation gate situated towards the extracellular entrance at the selectivity filter. Gating of the K þ channel involves structural rearrangements at the two gates. The activation gate is associated with the inner-helix bundle that moves during activation around a gating hinge (Liu et al, 1997 (Liu et al, , 2001 Doyle et al, 1998; Holmgren et al, 1998; Perozo et al, 1998 Perozo et al, , 1999 Jiang et al, 2002a, b; Kelly and Gross, 2003; Ader et al, 2008) , whereas closing of the inactivation gate concurs with rearrangements at the selectivity filter to enter an inactivated state of the K þ channel (Liu et al, 1996; Zheng and Sigworth, 1997; Kiss and Korn, 1998; Ogielska and Aldrich, 1999; Bernèche and Roux, 2005; Gao et al, 2005; Blunck et al, 2006; Kurata and Fedida, 2006; Cordero-Morales et al, 2006a , b, 2007 Chakrapani et al, 2007a, b; Ader et al, 2008) . In the family of voltage-gated K þ (Kv) channels, opening and closing of activation and inactivation gate were shown to be coupled Yellen, 1995, 1996; Deutsch, 2006, 2007) . It is likely that coupling between the two gates ensures maximum channel open probability and also sequentially coordinates activation and inactivation gating of the K þ channel.
The bacterial K þ -channel KcsA (Schrempf et al, 1995; Perozo et al, 1998; Zhou et al, 2001 ) provides a powerful and robust model system for a detailed investigation of channel gating. Studies of KcsA mutants have identified amino-acid residues involved in KcsA-channel gating (Cordero-Morales et al, 2007; Thompson et al, 2008) . In the resting state, the activation gate of the channel is closed and the inactivation gate is opened, that is the selectivity filter has a conductive structure. Acidic pH elicits activation-gate opening and thus an activated state of the KcsA channel (Perozo et al, 1999; Liu et al, 2001; Blunck et al, 2006; CorderoMorales et al, 2006b; Baker et al, 2007; Ader et al, 2008) . The state is short-lived because the inactivation gate rapidly closes the filter of the activated K þ channel. According to solid-state (ss) NMR spectroscopy , the inactivated-filter conformation shares essential features with the collapsed or non-conductive-filter structure seen in KcsAcrystal structures obtained in low [K þ ] (Zhou et al, 2001; Lenaeus et al, 2005; Lockless et al, 2007) . The influence of external [K þ ] on selectivity-filter stability and K þ -channel gating, for example C-type inactivation of
Shaker channels, has been extensively studied on a functional level (Zagotta and Aldrich, 1990; Demo and Yellen, 1991; Kiss and Korn, 1998; Claydon et al, 2007; Chakrapani et al, 2007b) . However, how sequential gating activity of the two gates in the K þ -channel pore domain is choreographed and affected by the permeant ions is not well understood.
A comprehensive understanding of channel gating, hence, should involve structural studies that delineate the cumulative effect of pH and K þ concentration in a functional lipidic environment. We have earlier shown that under such conditions, high-resolution ssNMR spectroscopy is a sensitive method for analysing ligand binding (Lange et al, 2006; Ader et al, 2008) , conformational changes related to pHinduced activation and inactivation gating (Ader et al, , 2009b and site-resolved dynamics of a membrane embedded K þ channel (Ader et al, 2009a) . Here, we used ssNMR chemical-shift mapping in direct reference to electrophysiological recordings on KcsA-Kv1.3 preparations to dissect the pH, K þ and ligand sensitivity of channel gating. KcsA-Kv1.3
contains a high-affinity-binding site for the scorpion toxin kaliotoxin (KTX), which was generated by replacing 11 amino-acid residues in the extracellular loop of the KcsA pore domain by those of Kv1.3 (Legros et al, 2000 (Legros et al, , 2002 . We found that pH-induced gating of KcsA-Kv1.3 is modulated by the concentration of external as well as internal K þ .
Correspondingly, distinct K þ -binding events affect inactivation and activation gating of the K þ channel. Using ssNMR, we studied these gating states in lipid bilayers by tracking K þ -and pH-dependent changes in protein conformation and side-chain protonation. Moreover, we probed coordinated actions of opening and closing of the two gates by trapping the K þ channel in distinct states with external pore blockers (Lange et al, 2006; Ader et al, 2008) . We observed that pH, K þ and the scorpion toxin KTX markedly influence the open probability of the activation gate. Although the effect of pH relates to protonation of glutamate residues located in the intracellular 'pH sensor' of the channel, the effects of K þ and KTX are mediated through distinct-binding sites within or near the selectivity filter. We show that the inactivation gate can influence activation gating and that coupling between the two gates allows for a choreographed response to K þ . The findings suggest that the permeant K þ ion itself regulates onset of K þ -channel activation as well as inactivation. We propose that a self-regulatory mechanism controls sequential gating activity in a K þ channel.
Results

Gating is modulated by internal and external K þ
We can depict KcsA-Kv1.3-channel gating with a simplified gating cycle describing equilibria between four composite gating states, namely closed-state C, opened-state O and inactivated states I and I* ( Figure 1A ) (Yellen, 1998; Panyi and Deutsch, 2006; Ben-Abu et al, 2009 Chakrapani et al, 2007a, b) , a change in pH from 7.5 to 4.0 activates the KcsA-Kv1.3 channel, and in the continued 
concentrations (150 mM, red; 1 mM, blue; 1 mM, green). Inside (bath) solution contained always 150 mM KCl. Dashed curves are fits to the data according to Roeper et al (1997 presence of protons, the activated channel slowly inactivates, reflecting a conformational transition from a conductive to a non-conductive state, and finally reaches a steady-state current (I ss ) level ( Figure 1B) . Currents were well described by fitting to the data a Hodgkin-Huxleyrelated formalism (I ¼ I 0 m(t) 4 h(t)) with one activation (t act ) and one inactivation time constant (t inact ) (Roeper et al, 1997) (Lockless et al, 2007) . Importantly, K þ occupancy of this site affects selectivity-filter conformation. Therefore, the conclusion is that K þ binding to this site is essential for a stable-conductive structure of the selectivity filter, which otherwise is prone to collapse (Zhou et al, 2001; Bernèche and Roux, 2005; Lockless et al, 2007) .
gating properties. Inside-out patches were established with 150 mM K þ in the pipette solution and were perfused with
. On a pH jump from 7.5 to 4.0, hyperpolarizing test pulses induced rapid activation of K þ inward current ( Figure 1D ). In agreement with earlier reported outward-rectification properties of KcsA-mediated currents, inactivation of KcsA-Kv1.3 inward current was essentially complete (Heginbotham et al, 1999; Chakrapani et al, 2007b Figure 1E ), revealing
In contrast, the time course of KcsA-Kv1.3 recovery from inactivation was K þ insensitive. Time constants for recovery from inactivation (t rec ) were in symmetrical (150 mM), low (1 mM) internal or low Table 3 ). The data shows that KcsA-Kv1.3-channel inactivation is over 100-fold more sensitive to We recorded ssNMR spectra of KcsA-Kv1.3 proteoliposomes prepared at different K þ concentrations (0-150 mM) and pH values. The overall ionic strength of the buffers was kept constant in all samples by replacing K þ with sodium. In low K þ concentrations (o1 mM), we had observed sizable chemical-shift changes between pH 7.5 and 4.0. Isotropic chemical shifts for pore-domain residues, for example Glu71, Thr74, Thr75, Val76, Gly77, Tyr78, Gly79, Asp80, Gly99, Ile100 and Thr101 indicated a pore structure in which the activation gate had opened by a bend in the TM2 helix and the selectivity filter had adopted a collapsed conformation (Figure 2A blue bars; Figure 2B blue spectrum) . Strikingly, spectra measured at pH 4.0 and K þ con-
identical to those recorded at pH 7.5, both in phosphate/ citrate and MOPS buffers ( Figure 1) . Activation-gate opening of K þ channels is associated with an outward movement of the inner (TM2) helices around a gating hinge (Perozo et al, 1999; Jiang et al, 2002b; Kelly and Gross, 2003; Ader et al, 2008) . This relatively large conformational change (Liu et al, 2001; Kelly and Gross, 2003) consequently increases the water-accessible surface of the channel, particularly of the inner half of the pore domain, and provided an independent means to study activation-gate opening of the KcsA-Kv1.3 channel at acidic pH. We evaluated the water-accessible channel surface by measuring magnetization transferred from selectively excited water protons to channel-protein spins (Ader et al, 2009b) . The results obtained from this type of NMR experiment are bar graphed in Supplementary Figure 2 . In line with our secondary chemicalshift analysis, the data are compatible with a closed-conduc-
across the entire pH range of 4.0-7.5. In contrast, wateredited ssNMR data in low K þ concentrations (o1 mM, Supplementary Figure 2 ) suggest a marked conformational change of the channel after a shift to acidic pH, and lend independent support to our observation that in the absence of K þ , acidic pH induces a conformational change characterized by a stably opened activation gate. These ssNMR results had two important implications. First, acidic pH, which opens the KcsA-Kv1.3 channel, renders the selectivity-filter vulnerable to inactivation. Second, the probability of activation-gate opening at acidic pH is K þ sensitive. The data show that the prevailing KcsAKv1.3 conformation observed at pH 4.0 shifts from the opencollapsed (I) state to the closed-conductive (C) state of the channel ( Figure 2D ) in the presence of high millimolar K þ concentrations. This complements our electrophysiological studies on the K þ dependency of KcsA-Kv1.3-channel inactivation and shows that both activation and inactivation gate of KcsA-Kv1.3 respond to changes in K þ concentration at a structural level.
Conformational changes are associated with glutamate protonation
Mutational studies suggested that activation-gate opening at acidic pH is associated with protonation of glutamate side chains, notably Glu118 and Glu120 at the lower end of the inner TM2 helix of KcsA (Thompson et al, 2008 Figure 3A) . Figure 3A -C depicts sections of ( 13 C, 13 C) correlation spectra showing glutamate Cg-Cd crosspeaks providing information about glutamate protonation states present at different pH and K þ conditions.
The chemical shifts of Cd resonances suggested that all glutamates but Glu71 were at pH 7.5 in a deprotonated and at pH 4.0, in the absence of K þ , in a more protonated state ( Figure 3A and B). Note that magnitudes of chemical-shift changes are significantly larger than those observed in earlier pH-dependent NMR studies of KcsA in solution (Baker et al, 2007; Takeuchi et al, 2007) . The histidine residue in the outer transmembrane helix (His25), which was shown to be involved in activation gating (Takeuchi et al, 2007; Thompson et al, 2008) , could not be resolved in ssNMR spectra of KcsAKv1.3 (Schneider et al, 2008) . The Glu71-Cd resonance at pH 7.5 is consistent with a protonated glutamate side chain in agreement with a water-mediated hydrogen bond between Glu71 and Asp80 stabilizing the selectivity filter (Zhou et al, 2001; Cordero-Morales et al, 2007) . We observed at pH 4.0 in the presence of 410 mM [K þ ] two new glutamate Cg-Cd crosspeaks in addition to those earlier assigned to Glu51 and Glu71 ) ( Figure 3C ). Comparison of ssNMR spectra of full length and C-terminally truncated KcsA-Kv1.3 (Supplementary Figure 3B and C) showed that removal of the C-terminus selectively eliminated one of these two glutamate Cg-Cd crosspeaks. This peak was, therefore, assigned to the five C-terminal glutamates and the remaining one to Glu118 and Glu120 ( Figure 3C ; Supplementary Figure  3B and C). Following throughout our titration experiments, we monitored relative intensities of Cg-Cd crosspeaks corresponding either to more protonated or deprotonated glutamate side chains ( Figure 3A-D) , and we made the following observations. First, Glu51, having an exposed localization in the extracellular turret region, and the C-terminal glutamates were protonated at pH 4.0 as expected for water-exposed glutamate side chains. We conclude that side-chain protona- The data show that protonation is K þ sensitive for poredomain glutamates having important roles in activation (Glu118 and Glu120) (Thompson et al, 2008) and inactivation (Glu71) gating of KcsA (Cordero-Morales et al, 2006b and show that protonation of pore-domain glutamates is associated both with an opened activation gate and collapse of the selectivity filter.
Activation and inactivation gate are coupled Next, we followed conformational changes in the openedcollapsed channel on back titration from pH 4.0 to 7.5 in the absence of K þ ( Figure 3D ). We obtained ssNMR spectra revealing a channel conformation with a collapsed selectivity filter and a closed activation gate. Residues of gating hinge, lower pore helix and turret region had returned to their conformational states originally observed at neutral pH (Supplementary Figure 4) . Ca and Cb chemical shifts indicate a backbone conformation associated with the collapsed filter, whereas side-chain resonances of Thr72-Thr75 within the lower selectivity filter and pore helix acquired values close to those seen at pH 7.5. Thus, we identified a closed-collapsed conformation in addition to a closed conductive and an opened-collapsed conformation of the channel. This observation is in agreement with the four-state gating circle depicted in Figure 1A , predicting that the inactivated state comes in two flavours, having either an opened (I) or a closed lower gate (I*). Side-chain resonances of the lower selectivity filter and pore helix (Thr72-Thr75) are only seen to shift together with resonances originating from the gating hinge. This suggests that these side chains are part of an interaction network coupling inactivation and activation gate. Importantly, we could fully restore the closed-conductive (C) state of the K þ channel at pH 7.5 by adding 50 mM [K þ ] to the buffer ( Figure 3D ; Supplementary Figure 4) .
Ligand-binding unmasks gate coupling
The inactivation gate comprising the selectivity filter is a prime candidate for locating the K þ -binding sites, which influence channel gating as evident from our functional and structural data. To test whether gate coupling conveys K þ sensitivity from the inactivation gate to the activation gate, we used two ligands, which affect KcsA-Kv1.3 selectivityfilter conformation in different ways. The first one, a tetraphenylporphyrin derivative (porphyrin), which binds to KcsA-Kv1.3 with nanomolar affinity, induces a collapsed, non-conductive conformation of the selectivity filter . Binding of the second one, KTX, only affects upper selectivity-filter residues (Lange et al, 2006) and stabilizes a conductive filter conformation (Zachariae et al, 2008) . This particular situation made it possible to study the effect of þ , the state of the activation gate is ambiguous, because many indicative peaks could not be detected in the spectra under these conditions. Drawings indicate gating states as defined in Figure 1D . Protonation of E118/120 correlates with activation-gate opening, whereas inactivation-gate closure involves an increased protonation of E71.
acidic pH on the lower activation gate in the context of an opened or a closed upper inactivation gate.
First, we recorded ssNMR spectra from the porphyrinKcsA-Kv1.3 complex at pH 4.0 in the absence of K þ . The spectra were similar to those obtained for the unliganded channel, that is they indicated an open-collapsed structure, exhibiting an opened lower activation gate and a closed upper inactivation gate ( Figure 4A) . Therefore, the porphyrinbound channel resides in a closed-collapsed conformation at pH 7.5 and an open-collapsed conformation at pH 4.0 resembling the two inactivated states postulated in the cyclic gating model in Figure 1A . Figure 4A ). This suggests that side-chain interactions between residues Thr72-Thr75 in and near the inactivation gate and likely Ile100 in the gating hinge, which shows sizable chemical-shift changes on gate opening , couple the two gates. Second, we obtained ssNMR spectra from KTX-bound KcsA-Kv1.3. The data revealed that the lower activation gate remained closed at pH 4.0 even in the absence of external K þ ( Figure 4B and C). Cd shifts of Glu118 and Glu120 remained at values corresponding to deprotonated carboxyl groups, whereas C-terminal glutamates exhibited resonances pointing to protonated carboxyl groups. The lower selectivity filter preserved its conductive conformation, and chemical shifts observed for residues 71, 78, 79 and 80 confirmed that KTX remained bound to KcsA-Kv1.3 at pH 4.0 ( Figure 4C 
Discussion
KcsA-channel gating is sensitive to different environmental changes, for example in pH, voltage and K þ . Our results provide major insights on how the passage of K þ along the conduction pathway modulates the conformational transitions between opened and closed activation and inactivation gates in a functional membrane setting. We combined ssNMR-titration experiments and electrophysiology to probe the K þ and ligand sensitivity of these gating states and directly followed protonation events accounting for pH-induced channel gating in the KcsA-Kv1.3 K þ channel. With these studies, we obtained spectroscopic information for three of the four major gating states: closed conductive (C), open collapsed (I) and closed collapsed (I*). The open probabilities of both activation gate and inactivation gate were found to be distinctly K þ sensitive. ssNMR results showed that the closed-conductive conformation of the KcsA-Kv1.3 channel is quantitatively converted to an Conversely, in high (mM) K þ concentrations, we observed as most stable conformation in asolectin liposomes a closedconductive state of the KcsA-Kv1.3 channel at pH 7.5 as well as pH 4.0. The K þ -sensitive gating transition to the openinactivated state is correlated with a K þ -sensitive protonation of glutamate residues 71, 118 and 120, which have an important influence on selectivity-filter conformation (Glu71) (Cordero-Morales et al, 2006b and on pH-induced activation-gate opening (Glu118 and 120) (Thompson et al, 2008) , respectively. Substitution of Glu71 by alanine prevents entry into the inactivated state and essentially abolishes the voltage sensitivity of KcsA gating (Cordero-Morales et al, 2006a . Using ssNMR spectroscopy, we could directly show that protonation of Glu71 correlates with inactivationgate closure, consistent with a crucial role of this residue in pH, K þ and voltage sensitivity of KcsA inactivation. At the intracellular side of the channel's pore domain, Glu118 and Glu120 (as well as His25) are involved in pH-induced activation-gate opening (Thompson et al, 2008) . Our ssNMR data show that protonation of Glu118 and 120 correlates with activation-gate opening and that their acid-base equilibrium is K þ sensitive. This underpins the notion that these residues located at the helix bundle crossing are essential elements of the channel's pH sensor. Our data reveal a higher KcsA-Kv1.3 steady-state current at high external K þ concentrations, a finding that agrees well with earlier studies and is consistent with the idea that C-type inactivation is correlated with the collapse of a conductive selectivity-filter structure (Demo and Yellen, 1991; Baukrowitz and Yellen, 1995; Kiss and Korn, 1998; Ader et al, 2008 ). An earlier study found a K D of 0.43 mM for K þ binding to the selectivity filter of KcsA (Lockless et al, 2007 Zakharian and Reusch, 2004) . Note that the overall ionic strength, which has been shown to influence channel open probability (Heginbotham et al, 1998) , was kept constant in our experiments. Such a strategy also eliminates other side effects, for example related to surface potential or mechanical stability of the proteoliposome. Therefore, the observed K þ effects on channel gating can be traced to K þ itself. Earlier reports attributed low channel open-probability at acidic pH to an open-inactivated state as seen in ssNMR experiments in low (o1 mM) K þ concentrations (Perozo et al, 1999; Liu et al, 2001; Blunck et al, 2006; Cordero-Morales et al, 2006b ). In the light of the results presented here, the exact K þ concentrations, most likely also the lipidic environments used (Valiyaveetil et al, 2002) , seem to be of crucial relevance for comparing results of different structure-based functional studies. It is also important to note that electrochemical gradients as present in electrophysiology have so far not been reproduced in structural studies. Figure 1A ; Kurata and Fedida, 2006; Chakrapani et al, 2007a) , our data show that, in the absence of transmembrane voltage, the steady-state conformation of KcsA-Kv1.3 in asolectin liposomes is closed conductive even at pH 4.0 if millimolar (X10 mM) K þ concentrations are present. We have earlier shown that ssNMR chemical shift and through-space distance data obtained on KcsA-Kv1.3 at pH 7.5 are in good agreement with the closedconductive (C) state of the KcsA channel as seen in the crystal structure (PDB ID 1K4C). There, side chains of residues in pore helix and lower selectivity filter on the one hand, and TM2 gating hinge region on the other hand are in close spatial proximity, possibly forming an interconnected network crucial for gate coupling. We observed in our ssNMR data synchronized pH-dependent chemical-shift changes in sidechain nuclei of residues from both regions, for example Ile100 Cd1 and Thr75 Cg2, which are o5 Å apart in the KcsA X-ray (Lange et al, 2006) . K þ modulates ion-channel activity through coupled gates C Ader et al structure (Zhou et al, 2001 ). This suggests that the respective amino acids are part of such a coupling network and that conformational rearrangements during opening of the activation gate, in which the inner helices swing open, are conveyed to the inactivation gate through the gating hinge region. Although our data at this stage cannot provide a high-resolution structural view of the coupling mechanism, we were able to identify residues that are key players for gate coupling based on chemical-shift changes, suggesting that the two gates interact sterically on the side-chain level. Titration experiments performed with toxin-bound channels ( Figure 5) (Figure 5 ), are prime candidates for the internal high-affinity-binding site that influences activation gating as seen by electrophysiological and ssNMR experiments. This notion is further supported by earlier reports showing that presence of K þ in the selectivity filter of Kv channels accelerates activation-gate closure (Hurst et al, 1997; Panyi and Deutsch, 2006) . Thus, it is likely that gate coupling as proposed conveys ligand and K þ sensitivity from the inactivation gate to the activation gate. An intriguing implication of our data is that K þ sensitivity and gate coupling provide a powerful mechanism to adjust the gating cycle based on the relative stability of all four possible gating states, suggesting a scenario for consecutive gating transitions involving opening, closing and inactivation.
Materials and methods
Sample preparation
KcsA-Kv1.3 expression, purification and reconstitution into asolectin liposomes was carried out as described earlier (Lange et al, 2006) . Reconstitution was performed at a 100/1 asolectin/KcsAKv1.3 molar ratio in either 50 mM Na phosphate, pH 7.5, 50 mM NaCl or 10 mM MOPS, pH 7.0, 150 mM KCl. C-terminally truncated KcsA-Kv1.3 (residues 1-125) was obtained by chymotrypsin digestion. KTX and porphyrin were added in two-fold molar excess as described earlier (Lange et al, 2006; Ader et al, 2008) . pH and K þ titrations were performed by washing the proteoliposomal pellet three times with 1 ml citrate or phosphate buffer of desired pH and [K þ ] followed by 30 min ultracentrifugation at 45 000 r.p.m. and þ 41C. For each titration step, the loss of sample was below 5% as judged from 1D 13 C spectra. Thus, titrations with up to 10 steps could be performed using a single proteoliposomal sample.
ssNMR
All NMR experiments were conducted using 4 mm triple-resonance ( 1 H, 13 C, 15 N) probeheads at static magnetic fields of 9.4, 14.1 and 18.8 T corresponding to 400, 600 and 800 MHz proton-resonance frequencies (Bruker Biospin, Karlsruhe/Germany). Assignments were obtained earlier and were extended and verified using 2D ( 13 C, 13 C) correlation experiments using protondriven spin diffusion under weak coupling conditions (Seidel et al, 2004) . Water-edited ssNMR experiments were performed at 9.4 T and analysed as described elsewhere (Ader et al, 2009b ) using a 3 ms Gaussian p/2 pulse, a T 2 filter containing two delays (t) of 1 ms and a crosspolarization contact time of 700 ms. MAS speeds used were 6.5, 9.375 and 12.5 kHz at 9.4, 14.1 and 18.8 T static magnetic field strengths, respectively, at an effective sample temperature of approximately þ 71C. Integration of spectral crosspeaks was performed using the software Topspin 2.1 (Bruker Biospin, Karlsruhe/Germany). Error estimates for spectral integrals were obtained from integrals in noise regions with sizes equal to those of the signal integration regions.
Electrophysiology
Electrophysiological measurements on KcsA-Kv1.3 in proteoliposomes were performed as described earlier , except that we varied internal and external K þ concentrations in patch-clamp recordings as follows. External (pipette) and internal (bath) solutions contained 10 mM MOPS buffer and 150 mM monovalent cation (Na þ or K þ ). As indicated in the legends, K þ concentration in external (pipette) or internal (bath) solution was varied from 0 to 150 mM keeping total monovalent cation concentration constant.
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Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
